Abstract
coli IbaG, we first assessed whether V. cholerae IbaG modulates growth or survival under 171 acidic conditions. Using a previously described acid resistance assay (19), we observed 172 that the percentage survival of WT and ∆ibaG cells does not differ following a one-hour 173 incubation in LB at pH5.5 (Fig. 2B) . Additionally, we found that the growth rate of WT and 9 ∆ibaG V. cholerae in LB pH5.5 are very similar, although a longer lag period prior to 175 growth was evident for the ∆ibaG cells (Fig. S3D) . Furthermore, quantitative analysis revealed no change in ibaG expression following a one hour exposure to 177 acidified media (pH5.5) ( Figure S3A ). Thus, in contrast to E. coli ibaG, V. cholerae ibaG 178 does not appear to promote bacterial resistance to acidic growth conditions.
179
To further evaluate the effect of IbaG on V. cholerae resistance to stressors, we 180 determined the minimum inhibitory concentrations (MICs) of a wide variety of 181 antimicrobial compounds for WT and ΔibaG cells. Notably, we observed that MICs for 182 several antibiotics that target the cell wall (vancomycin, ampicillin, D-cycloserine, 183 fosfomycin, cephalexin) were lower for the ΔibaG cells than for the WT (Fig. 2C ).
184
Additionally, we found that ΔibaG cells have increased sensitivity to bile, deoxycholate, 185 SDS, and cerulenin (an inhibitor of fatty acid synthesis), all of which disrupt the outer 186 membrane. In contrast, MICs of antibiotics that target the ribosomes and protein synthesis 187 (chloramphenicol and gentamycin) were identical for the WT and the deletion strain.
188
Collectively, these results suggest that the cell envelope of ΔibaG V. cholerae is more 189 susceptible to disruption than that of WT cells, raising the possibility that IbaG regulates 190 expression and/or the activity of factors that contribute to envelope production or 191 maintenance.
192
Exponential phase ibaG V. cholerae exhibit defective intestinal colonization 193 Given the sensitivity of the ΔibaG V. cholerae to cell envelope stressors including 194 bile, we investigated whether ibaG contributes to the pathogen's capacity to survive and 195 proliferate in the intestines of suckling mice, a well-established model for studying V. 
210
3A and S4). Furthermore, there were differences in the abundance of several PG 211 constituents (Fig. 3B ). In particular, PG from ΔibaG cells had shorter average chain 212 lengths, and it contained more than twice the WT level of Lpp, an outer membrane protein 213 that is covalently linked to PG and helps anchor it to the outer membrane. Although the 214 precise consequences of these changes are difficult to predict, it is likely that the 215 reductions and alterations in ΔibaG PG contribute to the increased sensitivity of these 216 cells to antibiotics that interfere with PG synthesis.
217
Lipidomic analysis, using hydrophilic interaction liquid chromatography-ion 218 mobility-mass spectrometry (HILIC-IM-MS) of exponential phase WT and ΔibaG cells was 219 also performed. The most obvious difference between the WT and ΔibaG strains was an 220 11 overall decrease in phosphatidylethanolamine (PE) (Fig. 3C ), whereas 221 phosphatidylglycerol (PGly) had a trend toward decrease and cardiolipin abundance was 222 not significantly affected in the ΔibaG strain (Fig. 3C) also impaired by the absence of ibaG. We identified 38 genes that were underrepresented 237 at least two-fold in the ΔibaG insertion library with a P value of < 0.05 (Fig. 4AB) . Notably, 238 more than 1/3 of these loci are involved in pathways linked to cell envelope integrity and/or 239 LPS and PG synthesis (Fig. 4B ). They include mlaBCD, which along with mlaA encode 240 an ABC transport system involved in maintaining outer-membrane lipid asymmetry, PG 241 biosynthetic gene pbp1A and its activator lpoA, several loci in the rfa cluster, which 242 contains many of the genes for LPS synthesis, and genes encoding components of the 243 tol system, which regulates PBP1B and is important for outer membrane stability (23) 244 (Fig. 4C) . Collectively, these results provide further support for the idea that ibaG is 245 important for biogenesis and/or maintenance of the cell envelope, so that ΔibaG cells are 246 particularly sensitive to additional mutations that affect this structure.
247
We also identified 34 loci that are overrepresented at least two-fold in the ΔibaG 248 insertion library with a P value of < 0.05 ( Fig. 4A ; Table S1 ΔibaG cells (Fig. 5D ). Reduced lipid II levels (and subsequent effects on PG synthesis 278 and homeostasis) could also contribute to the ΔibaG mutant's increased sensitivity to 279 antibiotics that target cell wall synthesis.
280

Discussion
281
Here, we characterized the V. cholerae BolA-like protein IbaG. IbaG, which is 282 encoded in the midst of loci that contribute to the biogenesis and maintenance of the cell apparent link between ibaG and Fe-S cluster-linked processes, it is possible that 313 differences in iron availability in the minimal media contribute to the increased shape 314 alterations rather than, or in addition to, the extent of nutrients.
315
In addition to its effect on cell morphology, the growth phase of the ibaG mutant 316 also influenced its capacity to compete against WT V. cholerae in colonizing the intestine 317 of a model animal host. When stationary phase cultures were used to infect infant rabbits, 318 the ibaG mutant exhibited a less than two-fold deficit in colonization relative to the co-319 inoculated WT strain; in contrast, log phase cells exhibited an ~50-fold deficit. We 320 speculate that replicating ibaG cells may be particularly sensitive to host protective factors 321 that are encountered early in the infection process (e.g., bile), and therefore may be intestinal sites where they are not exposed to high concentrations of agents such as bile. galactopyrannoside (X-Gal 40 µg/mL) and IPTG (0.5 mM) and incubated for 16 h at 30°C.
405
The experiments were done at least in triplicate, and a representative result is shown. before centrifugation for 10 min at 20,600 x g and the bottom blue layer was extracted.
416
The extractions with Tris-saturated phenol and diethyl ether were repeated twice before and incubated for one-hour before plating of serial dilutions to determine CFU/mL for each 424 strain. CFU/mL were similarly determined for growth in LB pH7 prior the acid challenge 425 and the relative survival (CFU/mL pH5.5 / CFU/mL pH7) was calculated to determine acid 426 resistance for both strains. The pH of the LB broth was adjusted using 1 mM HCl. Transposon insertion sequencing was performed as described previously (39).
443
Transposon libraries were created in WT and ΔibaG V. cholerae using the transposon 444 delivery vector pSC189. ~600,000 transposon mutants were generated for each strain.
445
Genomic DNA was purified and sequenced on an Illumina MiSeq benchtop sequencer
446
(Illumina, San Diego, CA). Sequenced reads were mapped onto the N16961 V.cholerae 447 reference genome, and all TA sites were tallied and assigned to annotated genes as 448 previously described (40). Insertion sites were identified as described (39), and 449 significance was determined using the Con-Artist pipeline. 
Tandem affinity purification assay and Mass Spectrometry analysis
517
IbaG was purified using a standard TAP protocol. Briefly, an overnight culture of V. cleavage site and protein A was used to inoculate 500ml of LB (1/100 dilution), which was 520 grown 5 h 30 at 37 C with shaking and then cells were pelleted and washed in cold PBS.
521
Tandem affinity purification was then performed as described before (46, 47 two samples were performed using a two-tailed distribution and equal variance. 
817
The concentrations are in µg/mL, except for bile, SDS and deoxycholate which are in %. with a mean fold change >2 and a p-value <0.05 is shown in Table S1 . interacting proteins is presented in Table S2 ).
856
C. Bacterial adenylate cyclase two-hybrid analysis of IbaG and IspG interactions.
857
Colonies of cya-negative strains producing T25 and T18 fusions of the respective proteins A. Coomassie Blue stained gel of proteins recovered after TAP purification from cell extracts of V. cholerae producing TAP-TAG only (1) or IbaG-TAP-TAG (2). Bands of interest were analyzed by mass spectrometry. B. IbaG-interacting proteins identified by mass spectrometry that are iron-sulfur containing proteins or facilitate biogenesis of iron-sulfur proteins (complete list of interacting proteins is presented in Table S2 ). C. Bacterial adenylate cyclase two-hybrid analysis of IbaG and IspG interactions. Colonies of cya-negative strains producing T25 and T18 fusions of the respective proteins on LB medium supplemented with X-Gal and IPTG are shown. D. Lipid II quantification in WT and ΔibaG strain grown in M9 medium to exponential phase. * = p-value <0.01 (t-test).
